Abstract -The structure, thermophysical, and thermomechanical characteristics of metallocene-synthesized isotactic PPs of different molecular masses containing different amounts of stereodefects have been studied. The degree of crystallinity and the content of a and g modifications in slowly cooled and melt quenched films are estimated by three independent methods, i.e., X-ray analysis, DSC, macroscopic density measurements, and changes in their phase structure upon annealing and orientation are analyzed. As the content of stereodefects increases, the fraction of g crystallites in the films increases, while the degree of crystallinity decreases (down to 5%). The formation of the g phase is assumed to be related to the epitaxial crystallization; this process is assisted by stresses induced on chains upon slow melt crystallization and after annealing of the oriented samples. This evidence allows the analysis of structural and thermodynamic characteristics of thermoplastic and elastic samples of the isotactic PP.
INTRODUCTION
The use of metallocene catalysts for the synthesis of isotactic PP makes it possible to control the molecular mass and the number of molecular isomeric defects and allows obtaining of a compositionally homogeneous polymer with the random distribution of defects along polymer chains [1] [2] [3] . Depending on the specific features of a metallocene catalyst and polymerization conditions, the resultant polymer can contain different amounts and combinations of stereodefects (primary enantiomorphism) and regiodefects (secondary mesoand racemic inclusions). In turn, the random distribution of defects along polymer chains affects the average length of crystallizable fully isotactic segments. As the concentration of defects increases and the degree of isotacticity decreases, the structural and thermophysical characteristic of PP are changed. In particular, the degree of crystallinity decreases when crystallites decrease their dimensions and become less perfect, the supramolecular structure is also changed. As a result of this, the melting temperature and the heat of fusion decrease [2, [4] [5] [6] . In this case, the mechanical characteristics of the resultant materials become substantially different. One can observe the transition from rigid thermoplastic to rubbery polymers, which are characterized by high deformability upon stretching. For example, when the content of isotactic pentads is below 40%, the degree of crystallinity decreases to 10% and the polymer demonstrates rubbery characteristics [3, 5, 6] . Therefore, by varying the concentration of defects, one can prepare a set of various polymers with gradual changes in their stress-strain characteristics from thermoplastics to elastomers, in which an amorphous matrix is reinforced by a three-dimensional network formed by crystallites. Key factors controlling the formation of this network are the dimensions and structure of crystallites, as well as their thermophysical characteristics.
The isotactic PP is characterized by a complex phase structure. There are three different crystalline modifications: ( α , β , and γ phases). Furthermore, PP can also contain a mesomorphic (smectic) form [7] [8] [9] [10] [11] . The commercial isotactic PP prepared using the traditional heterogeneous Ziegler-Natta catalytic systems usually crystallizes in the most common monoclinic α modification; hexagonal β and orthorhombic γ modifications are developed only under specific crystallization conditions. At the same time, the samples of the isotactic PP prepared with homogeneous metallocene catalysts can readily produce the γ modification. Usually, these samples are composed of the mixture of α and γ phases. In the γ phase, the structure of the orthorhombic cell is very peculiar; its size is exceptionally large and axes of macromolecules in neighboring bilayers are not parallel, but rather inclined at an angle of 80° . Investigations of PPs of different molecular masses at the constant concentration of defects and PP
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Characteristics samples with different contents of defects (the degree of isotacticity is 95 and 90.8%; stereo and regio defects) show that the random distribution of defects along polymer chain favors the formation of the γ phase [12] . As was found, the content of α and γ modifications is also controlled by crystallization conditions. Under isothermal crystallization, the fraction of the γ phase passes through a maximum at a given crystallization temperature that depends on the content of defects in the sample and the molecular mass of the polymer. In [12] , thermodynamic and kinetic aspects related to the formation of the γ phase are considered. Fast melt crystallization in ice water or at 25°ë is shown to entail the formation of the α phase; in thinner films, the smectic form is produced. Similar conclusions have been reported in [3, 13] . The monisothermal crystallization at high cooling rates of the melt is found to assist the formation of the α phase; at low cooling rates, the content of the γ phase increases. With increasing the concentration of stereodefects, this effect becomes even more pronounced. An analysis of melting in PP [12, 13] resulted in the following conclusions. For example, as was assumed in [12] , melting peaks, corresponding to the γ phase, arise at lower temperatures than those corresponding to the α phase even though a small fraction of the γ crystallites can be preserved in the samples up to the instant of their complete melting. At the same time, as was shown in [13] , samples with degrees of isotacticity of 94, 93, or 91% do not show any individual melting peaks corresponding to the α -and γ phases; therefore, this evidence allowed one to suggest that these modifications are characterized by close melting temperatures. Polymorphism and crystallintiy of the isotactic PP with a high content of stereodefects (the degree of isotacticity is 37, 48, 57, or 98%) and a relatively low molecular mass have been analyzed in [3] . However, in this work, no information concerning the thermophysical behavior of the samples was presented. Therefore, even though many studies have been devoted to this fascinating problem, many questions remain vague, including the mechanism behind the formation and growth of the γ -phase crystallites, the interplay between melting and recrystalization, and the effect of isotacticity and molecular mass of PP samples on the resultant degree of crystallinity.
In this work, we studied the structure and thermophysical characteristics of the isotactic PPs of different molecular masses and containing different amounts of stereodefects, different thermal prehistories (slow cooling, quenching, annealing), and, correspondingly, different morphologies.
EXPERIMENTAL
The stated objective of this work can be accomplished by studying the samples of the isotactic PP synthesized by using metallocene catalysts. Details of synthesis have been described elsewhere [3] . The degree of crystallinity of the samples was estimated by measuring the content of pentads [mmmmm] ; this parameter changes from 25 to >95% (M25-M95); M w = (0.8-15.0) × 10 5 at M w / M n ~ 2 . We studied the films with a thickness of 0.5-0.7 mm processed by melt molding of the initial samples in a framework on polyimide films at a pressure of 15 MPa; then, the samples were slowly cooled down to room temperature (in the temperature interval of 120-50 °ë , the mean cooling rate was ~3 K/min) or melt quenched in ice water. Depending on the degree of isotacticity, the molding temperature was ranged from 100 to 205 °ë . As reference samples, we used PP films synthesized with the Ziegler-Natta catalyst (ZN95): M w = 3 × 10 5 and the degree of isotacticity was >95%.
Designations of the samples along with their degrees of isotacticity and molecular masses M w are listed in the table. Slowly cooled samples of the isotactic PP with different degrees of isotacticity (25, 29, 50, 72, 78, 82, and >95%) are designated as M25-K-M95-K; quenched samples are designated as M25-Q-M95-Q.
The structural and thermophysical characteristics of the samples were studied by using both X-ray analysis and thermal methods (DSC, TMA). The X-ray scattering pattern (Ni-filtered Cu K α -radiation) was recorded onto a photographic film (URS apparatus, flat-film chamber); wide-angle X-ray diffractograms were collected on a DRON-3 equipment ( Cu K α -radiation, bent quartz monochromator). The dimensions of crystallites were estimated according to the Selyakov-Sherrer equation by taking into account the instrument broadening of peaks.
The X-ray degree of crystallinity ä χ was calculated from the recorded X-ray diffractograms by subtracting an amorphous halo from the overall scattering pattern. As an amorphous reference sample, M28-K was used; this sample does not show any melting peaks in the corresponding DSC curves, and its amorphous halo appears to be more symmetric than that of the M25-K sample. For both amorphous and semicrystalline samples, the baseline in the scattering angle interval 2 θ = 9°-27° was initially subtracted. The amorphous halo was normalized so that the wings of the corresponding scattering curves coincided. The weight coefficient was estimated from the ratio of minimum intensity between 110 and 040 reflections from the α phase and a maximum corresponding to the amorphous halo, which have close positions. However, in this region, the scattering intensity is composed not only of the amorphous halo, but also involves the wings of neighboring peaks. This tendency is the most pronounced for the samples with broad overlapping peaks. For this reason and due to the presence of a mesophase, the amorphous halo of the test samples, especially, of the quenched samples, at its maximum does not approach the minimum between the peaks in the overall scattering pattern.
